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( ABSTRACT

Retinal morphology serves as an extramely sensitive endpoint to
hypoxic and ischemic conditions manifested by circulatory
perturbations. Therefore, the effect of massive transfusion of
stroma-free hemoglobin solution (SFHS) on retinal morphology of rats
was evaluated. Seventy- three rats were divided into three groups.
Two groups were transfused to 75% blood volume replacement-- one (n =
30) with 7% SFHS; one (n = 26) with 7% albumin solution; and the third
group (n = 17) was cannulated, not transfused (controls). Animals in
each group were killed at 1, 5, 12, 24 hr and 2 mo after the
procedure. In the transfused rats, focal and perivascular regions of

- edema, axonal swelling, and vacuoles were observed by light and
transmission electron microscopy in the nerve fiber 1layer of the
central retina. These conditions progressively decreased from 1 to 12
hr in the albumin-treated group. The retinas of SFHS-treated rats
killed at 12 and 24 hr had similar but more severe morphologic changes
than any of the albumin-treated animals; swelling was more severe in
those retinas obtained at 24 than at 12 hr, while vacuoles were larger
in animals obtained at 12 hr. rmalities were observed in the
prelaminar portion of the optic disc of thé SFHS-treated groups killed
at 12 and 24 hr. Subretinal hemorrhaging occurred in about 50% of the
SFHS-treated animals killed at both 12 and 24 hr and was associated
with swelling, vacuolization, and disruption of the photoreceptor
outer segments and retinal pigment epithelium. Below normal levels of
glycogen were present in the Miller cells of the retinas of
albumin-treated rats killed at 5, 12, and 24 hr. At 12 hr after
transfusion the Muller cells in lesions of the retinas obtained from
the SFHS-treated rats were devoid of glycogen. High glycogen levels,
however, appeared in a zone peripheral to the 1lesions. The latter
effect was not apparent in the specimens obtained at 24 hr. The
damage observed was probably due to hypoxic and ischemic effects
secondary to urinary hemoglobin excretion and concomitant blood volume
loss. No abnormalities were seen in the controls. The retinas of
SFHS-treated rats killed at 1 and 5 hr showed normal retinal
morphology and glycogen levels. Presumably, SFHS exerted a protective
effect during this time period. If the current formulation of SFHS is
to be wused clinically, it will have to be administered continuously
until blood is available for transfusion, and the patient's
intravascular volume should be monitored carefully to prevent
hypovolemia.
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MORPHOLOGIC CHANGES IN RAT RETINA AFTER MASSIVE EXCHANGE TRANSFUSION WITH 7% (CRYSTALLIZED)

STROMA-FREE HEMOGLOBIN SOLUTION-Schuschereba et al,

Over the past several decades both civilian and military researchers
have been interested in the development of asanguinous fluid solutions
for use in acute resuscitation from hypovolemic shock. Currently
employed solutions, which include lactated Ringer's solution,
plasmanate and salt-poor albumin, are capable of restoring
intravascular volume, but they all 1lack the critical ability to
transport and off-load oxygen to tissues. Tnese properties naturally
reside within red blood cells in the hemoglobin molecule; therefore,
investigative efforts have been turned toward the formulation of a
resuscitative solution containing hemoglobin. During early studies
(1-4), when free hemoglobin was injected into laboratory animals and
man, it caused adverse renal side effects. Later, these side effects
were attributed to red blood cell stromal contaminants (5,6) and not
to the hemoglobin molecule. This finding led DeVenuto et al (7) to
develop a hemoglobin solution free of stromal contamination for use in
acute resuscitation,

Although the physiological and biochemical properties of stroma-free
hemoglobin solution (SFHS) have been extensively studied in laboratory
animals (5,6,8-13), there 1is a paucity of information regarding the
morphological consequences of administering massive quantities of SFHS
to animals. Furthermore, there has been little documentation of the
effects of SFHS on the central nervous system.

The retina provides a sensitive end-point for the morphological
expression of focal and/or generalized ischemia, hypoxia, or Ffocal
vascular insufficiency because of its microcirculatory anatomy. The
central retinal artery supplies the inner two-thirds of the retina
while the remaining one-third, which has no vessels at all, is
supplied by the choriocapillaris circulation (t4-17), Examples of
retinal response to perturbations in the wvascular supply include
cotton-wool spots (18-20), axonal swelling and cytoid body formation
(16-18), intraretinal hemorrhage (16), and edema and vacuolization of
the nerve fiber and ganglion cell layers as a result of retinal
ischemia (18-21), Thus, retinal morphology serves to correlate
changes which may be due to hypovolemia resulting in circulatory
insufficiency and ischemia or temporary hypoxia. Using retinal
histology and ultrastructural techniques, Wwe compared the effects of
massive exchange transfusion of SFHS on the rat retina with the
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effects of exchange transfusing an albumin solution which commonly is
infused in acute resuscitation.

MATERIALS AND METHODS

Seventy-three Sprague Dawley rats (200-250 g each) were fasted for 24
hr and divided into three experimental groups. Animals in group 1
were anesthetized with ether and underwent 75% blood volume exchange
with a 7 g/dl solution of SFHS., The latter was prepared from outdated
bank blood by using a previously described crystallization procedure
(7). Exchange transfusion was performed at the rate of 1 ml per
minute through a cannula inserted in the internal jugular vein. The
transfusion was continued until the hematocrit reached 25% of the
initial pre-transfusion hematocrit. Animals in group II were
similarly exchange transfused with a 7 g/dl albumin solution, while
rats in group III wunderwent cannulation, but did not receive an
exchange transfusion.

After a scheduled time interval (Table 1), animals were
reanesthetized, both eyes were enucleated and placed in a cold (4 C)
fixative (3% glutaraldehyde-2% paraformaldehyde) (22) in 0.1 M
phosphate buffer, pH 7.3, then the animals were euthanized (T-61,
Euthansia Solution, Nat. Lab. Corp., Somerville, NJ). Subsequently,
the globes were punctured with a sharp scalpel at the limboscleral
margin and reimmersed into fixative. After 1 minute, the globe was
divided into posterior and anterior poles. The posterior cup was
further dissected into a 2-mm strip which included the optic nerve in
the center. The retinal tissue was prepared for electron microscopy
according to a previously described technique (23). Briefly, the
tissue was post-fixed in phosphate-buffered 1% 0s80,, dehydrated in
ethanol, and embedded in a 1:1 molar ratio of Epon 815 and Araldite
0005, Thick sections (0.5 to 1.0 um) for light microscopy were
stained with methylene blue-azure II and 0.02% aqueous basic fuchsin
24). Cross-sections including the optic nerve and lesions were
selected for ultramicrotomy. Thin sections, doubly stained with 2%
uranyl acetate (25) and lead citrate (26), were observed with a
Hitachi HS-8F-2 electron microscope. Slight, moderate, and severe
degrees of pathologic change were subjectively determined for all the
specimens evaluated (Table 1).

In addition, after fixation, representative retinal specimens were
embedded in glycol methacrylate and stained with periodic acid-Schiff.
Control sections were treated with o amylase (1,U4=-D-Glucan
4-glucanohydrolase; Sigma Chemical Co.,St.Louis, MO) then followed by
periodic acid=Schiff (21).

RESULTS

All animals, up to 5 hr after transfusion with either 7% albumin or 7%
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SFHS, showed decreased activity and alertness. By 12 hr, the animals
in both groups were less languid, and by 24 hr they were still 1less
active than the control animals. At 2 mo, all animals appeared
physically normal.

Light Microscopy. All of the control animals, and albumin-transfused
animals killed at 24 hr and 2 mo had normal-appearing retinas (Figure
. Similarly, animals given SFHS and then killed 1, 5 hr, and 2 mo
later also displayed normal retinal morphology. One, five, and twelve
hours after albumin transfusion, retinas showed a subtle edematous
swelling of the nerve fiber layer. This change was most evident in
the retinas of the group killed 1 hr after transfusion, and only
slightly apparent in the group killed at 12 hr. However, 12 hr after
exchange transfusion with SFHS, focal zones in the central fundus
frequently exhibited large oval-shaped vacuoles in the perivascular
area of veins (Figure 2) and arteries (Figure 3) of the inner retina.
The prelaminar  portion of the optic disc (Figure 4) and the optic
nerve (Figure 5) also contained these vacuoles. The largest vacuoles
occurred in retinas obtained 12 hr after SFHS treatment. Retinas 24
hr after SFHS treatment showed an increased number of smaller
vacuoles; these usually extended deeper into the outer retina (Figure
6). Many of these vacuoles contained a dense staining material and
often extensive vacuolization produced localized bulges in the inner
limiting membrane or the disc surface. Cells of the inner retina that
were situated several microns lateral to the large vacuoles showed few
changes. Ganglion cells, however, in the region of vacuolization

usually exhibited swollen nuclei and lightly stained axoplasm (Figure
2).

Swelling of the inner retinal layers was mostly confined to localized
regions around vessels (arteries and veins) in animals killed at 12
and 24 hr after SFHS treatment. In vessel-free regions, normal inner
retina was commonly observed adjacent to affected areas. Affected
areas were characterized by a focal but wuniformly pale-staining
cellular cytoplasm in the inner retina. Swelling appeared to increase
in the retinas of SFHS-treated animals killed 24 hr after exchange
transfusion (Table 1).

Subtle degenerative changes that were not focally localized in the
retina were present in both photoreceptor outer segments and in the
retinal pigmented epithelium of rats killed 24 hr after SFHS

treatment. These changes appeared to be more advanced in the central
fundus (Figures 7-~10).

With more severe lesions the full thickness of the retina was
involved. In these cases, the retina was markedly vacuolated,

Ve Al et e meal_ak



swollen, and often had focal areas of photoreceptor involvement
(Figure 6) and retinal hemorrhage (Figures 11-13). Hemorrhage was
grossly observed in more than 50% of the SFHS-treated animals killed
at both 12 and 24 hr (Table 1), but was more prominent at 24 hr after
exchange transfusion. The hemorrhage had a blot configuration ranging
from 0.25 to 1.25 mm in diameter (Figures 11 and 12) and was an
intraretinal type (Figure 13). Since no ophthalmoscopy was performed,
the precise quadrant location of these hemorrhages is unknown. From
eye-cup preparations, the distribution, however, appeared equal for
both the central and peripheral fundus. The hemorrhage was associated
with disruptions of the outer limiting membrane , thereby producing
red-cell-filled spaces between the inner plexiform 1layer and the
retinal pigmented epithelium. In addition, the hemorrhage was
associated with vacuolization and disruption of the distal portion of
photoreceptor outer segments (Figure 6). In other experiments,
SFHS-treated rats at 6 hr after exchange transfusion demonstrated free
hemoglobin values of only 1.6 to 1.8 g/100 ml and reduced platelet
counts.

Only the retinas from SFHS-treated animals killed at 12 hr showed a
pinkish stain of Mililler cells in the region between the ganglion cell
layer and inner 1limiting membrane when the tissue was stained with
periodic acid-Schiff. Complementary contrcl sections treated with
diastase ( oCamylase) followed by periodic acid-Schiff showed no
staining of the Miiller cells in similar regions, and indicated the
presence of «-amylase-labile glycogen. Controls and the remaining
groups treated in a similar manner showed 1little distinguishable
staining difference and, therefore, must have contained minute amounts
of X-amylase-labile glycogen.

Electron Microscopy. Retinal wultrast-ucture appeared normal in
control rats, in albumin-exchanged transfused animals killed at 24 hr
and 2 mo, and in SFHS-treate: -ats killed at 1 and 5 hr, and 2 mo
after transfusion (Figure 14). In contrast, individual nerve fibers,
occasional Miiller cell processes and the extracellular space
demonstrated marked vacuolization 12 hr after exchange transfusion
with SFHS (Figures 15 and 16). Greatly swollen axons with intact
membranes appeared among normal and compressed axons (Figure 15). The
swollen segments of both axons and Miller cells, which were
characterized by a 1less dense cytoplasm, contained fine granular
material, swollen mitochondria, microvesicles, microfilaments,
tubules, and membranous whorls. Other Miller cells were characterized
by swollen mitochondria and dense cytoplasm (Figure 15). Muller cells
adjacent to large vacuoles appeared shrunken (Figure 16). This
vacuolization was closely correlated with the vacuolization observed
at the 1light microscope level. Ganglion cells in these regions also
appeared “abnormal, with heterochromatin clumping, swollen




mitochondria, free ribosomes, and a highly vacuolated endoplasmic
reticulum (Figure 17). The axons and dendrites of the inner plexiform
layer had smaller vacuoles and swollen mitochondria, and many small
vesicles which may have been of endoplasmic reticulum origin (Figure
18). ln severely vacuolated retinas myelinated axons of the optic
nerve showed changes similar to the azons of the nerve fiber layer
(Figure 19). The degree of vacuolization in some specimens diminished
with increasing distance from the nerve fiber layer or from the focal
lesion. In addition, the albumin-treated animals killed at 1,5, and
12 hr showed similar but much reduced extent of ultrastructural change
in the retinas. These changes were most apparent in the animals

killed at 1 hr and almost nonexistent in animals killed at S and 12 hr
(Table 1).

Twenty~four hours after exchange transfusion with SFHS, the inner
retinal vacuoles Were smaller but they extended deeper and more
laterally into the retina. These vacuoles were also filled with
flocculent debris and microvesicles. Again, vacuolated axons were
interspersed between axons of both normal and compressed diameter.
The degree of inner retinal swelling, as evidenced by a less dense
cellular cytoplasm, appeared greater in animals killed at 24 hr than
at 12 hr after SFHS treatment (Table 1). Axons with a swollen
axoplasm and Sometimes disrupted axolemma contained microvesicular
bodies and membranous whorls. A large number of ganglion cells were
also in the swollen state, and many contained clumped nuclear
chromatin and abnormally swollen organelles. The inner plexiform
layer at 24 hr also appeared more swollen than the 12-hr specimen. An
occasional macrophage containing dark-staining inclusion material was
observed in the ganglion cell region. Many dense bodies composed of
membrane whorl-like formations as well as swollen mitochondria and
vesicles were present in the inner plexiform layer. iIn some
specimens, prominent glial-like fibers were observed in the ganglion
cell, inner plexiform, and inner nuclear layer regions at 24 hr.
Where full-thickness involvement occurred, vacuoles and swelling were
present throughout all layers as was the presence of the hemorrhage.
Where subretinal hemorrhaging occurred, red blood cells and flocculent
debris (presumably SFHS) separated the photoreceptor outer segments
from the retinal pigmented epithelium (Figure 20). In these regions
the photoreceptor outer segments were disarrayed (Figures 20 and 21)
and the retinal pigmented epithelium demonstrated marked vesiculation

and swelling of the microvilli and distention of the basal infoldings
(Figure 22).

Alteration in the integrity of cell tight junctions of both the
retinal pigmented epithelium (Figure 23) and endothelial cells in

inner retinal vessels (Figure 24) implied points of breakdown of the
blood=-retinal barrier.




Retinas of control and transfused rats killed at 1 hr and 2 mo
demonstrated normal glycogen distribution patterns in 1inner retinal
Miller cells (Figure 25). The glycogen content of the Miiller cells of
the albumin-treated rats killed at 5 hr was less than the glycogen
content of the SFHS-treated animals killed at 5 hr after transfusion.
At 12 hr, however, the retinas of the 3FHS-treated rats had focal
areas at and near lesions which were completely devoid of glycogen
particles (Figure 26). The periphery of the devoid regions often
demonstrated an increase in glycogen content (Figure 27) and in part
explained the increase in periodic acid-Schiff stain observed at light
microscopy. Compared to the albumin group, the SFHS group killed at
the same time (24 hr after transfusion) demonstrated a generalized
decrease of retinal glycogen in Miiller cells. Table 2 summarizes the
relative glycogen content in inner retinal Miiller cells as a function
of survival time after treatment received.

DISCUSSIUN

Stroma-free hemoglobin solutions offer several potential advantages
over conventional asanguinous fluids in the treatment of hypovolemic
shock. The most important of these is the ability to transport and
off-load oxygen to tissues. However, as demonstrated in the current
investigation, free circulating hemoglobin also has one property which
Wwill necessitate certain modifications in the way it is used to treat
hypovolemia. Normally, hemoglobin in the red blood cell exists as a
tetramer having a molecular weight of approximately 68,000, When
hemoglobin is removed from the red blood cell and placed within the
intravascular space, it partially dissociates into dimers (27). A
portion of these dimers is rapidly bound to serum hepatoglobin,
hemopexin, and albumin and undergoes degradation in the
reticuloendothelial system. The remaining dimers cross the glomerular
basement membrane of the kidneys, enter the renal tubules (12,28-30),
and are excreted into the urine (12,28,29). The presence of
hemoglobin in the renal tubules, in turn, induces a diuresis (12).
Thus, as a consequence of the above sequence of events, intravascular
half-retention time of free hemoglobin is only approximately 3.5 hr
(10). Friedman et al (12,23) have demonstrated that the diuresis
associated with a 75% whole blood volume exchange-transfusion with
SFHS results in a U43% reduction in intravascular volume six hours
after the exchange transfusion. The 1loss of hemoglobin from the
vascular compartment, therefore, produces a 1loss of oxygen-carrying
capacity and a reduction in circulatory volume. Based on the previous
observations, it is not unreasonable to postulate that the retinal
abnormalities observed at 12 to 24 hr after exchange transfusion with
SFHS are a consequence of hypovolemia, hypoxia, and ischemia.

Blood osmolarities and oxygen tensions during exchange transfusion




Table 2. Summary of inner retinal Miller cell glycogen content as a
function of survival time after treatment in rats.

Relative Glycogen Content of Inner

Survival Retinal Miller Cells as a Function
Times of Treatment@
1 Hr Control = SFHS-treated = Albumin-treated
5 Hr Control > OFHS-treuted > Albumin-treated
12 Hr SFHS-treatedb > Control > Albumin-treated
24 Hr ~Control > Albumin-treated > SFHS-treated
2 Mo Control = SFHS~treated s Albumin-treated

aulycogen content was determined by subjective observation based on
glycogen granule density in electron micrographs. The glycogen
granule densities of SFHS and albumin-treated animals were compared
to glycogen densities of the control (Figure 25). bat the light
microscope level, some of the specimens demonstrated an increase
over controls in periodic acid-Schiff stain uptake. At the electron
microscope level, focal regions of swelling and vacuolization were
completely devoid of glycogen granules (Figure 26) while regions
peripheral to the morphologically altered regions showed a marked

increase in glycogen granules (Figure 27).

PR - o~ FUPRE SR e, Sueddescadnede *——-M
- e e v .t a a a4 & A




with SFHS have been previously measured and discussed (31) and are not
as critical 1in producing morphologic changes as the hypovolemia that
develops as the result of diuresis. The small rise observed in blood
urea nitrogen unaccompanied by a rise in serum creatine (29) may also
be explained by the hypovolemia.

The swelling and vacuolization seen in the SFHS-treated rats were
confined primarily to the inner retina, thereby suggesting that an
altered blood flow through the retinal vessels rather than the
choroidal vessels was the contributing factor to the observed
morphological alterations. Similar swelling and vacuolization of the
nerve fiber layer have been demonstrated in studies of experimental
retinal ischemia where focal circulatory failure occurred
(19,20,32,33). The widening of the interaxonal spaces suggests the
potential death of axons and the degeneration of ganglion cells may be
the first change that occurs as a result of SFHS-treatment.

Axonal swelling and vacuolization have been attributed to an
intracellular acidosis induced by vascular insufficiency (18).
Acidosis was reported to reach a peak within 25 to 30 min after the
onset of ischemia (18); subsequently, the entry of water into ischemic
neurons 1s rapid. Massive retinal swelling has been reported to occur
in pigs after 3 to 60 min (33) and in monkeys after 15 min of ischemia
(34). The swelling and vacuolization demonstrated in retinas of
hypovolemic SFHS-treated rats were consistent with these findings.

Axonal swelling has been reported to interrupt organelle transport
(20), but no regions of organelle accumulation on the axon-hillock
side of ganglion cells (32) were observed in the retinas of
SFHS-treated animals. The reason for the 1lack of organelle
accumulation is uncleéar. Perhaps a generalized systemic hypovolenmia
is not as effective in interrupting transport as is a more complete
focal embolization. Axonal swelling and vacuolization were more
prominent in regions where the nerve fiber layer was thicker. Since
no cytoid bodies (17) were observed in the nerve fiber layer of the
SFHS-treated rat retinas, it may be postulated that the ischemic
changes occurring in the retinas at 12 and 24 hr after treatment with
SFHS were reversible. Support for this contention is derived from the
fact that retinas of SFHS-treated rats were normal two months after
exchange transfusion.

Reduced hemoglobin and platelet values have been previously reported
to be associated with retinal hemorrhages (17). The retinal
hemorrhages observed in this study may involve similar mechanisms
(16). In addition, since the retina has a higher tissue pressure than
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most other tissues (14), ore might speculate that the high tissue
pressure 1in association with the reduced blood volume observed in
SFHS~treated animals may further aggravate the ischemic changes.

Both albumin and SFHS-treated animals had normal cerebral cortex,
cerebellum, and hypocampus at all time periods studied after exchange
transfusion (35). No morphological damage to the blood-brain barrier
occurred by either solution. Presumably, from the extensive inner
retinal vacuolization in SFHS-treated animals, a breakdown in the
blood~-retinal barrier occurred. Preferential damage to the
blood-retinal barrier and not to the blood-brain barrier may have been
partially due to the shunting away of blood from non-vital organs such
as the liver and intestine and directed to the brain, Perhaps, ir
acute 1ischemia, the retina is included in this scheme. Furthermore,
morphologic alteration of both the photoreceptors and the retinal
pigmented epithelium may be a consequence of both the ischemic effects
and a breakdown of the blood-retinal barrier. The fact that the
distal tips of photoreceptor outer segments have been altered suggests
that some retinal pigmented epithelium factors (hydrolitic enzymes?)
have influenced outer segment membrane integrity. The extent to which
the blood-retinal barrier became permeable needs to be clarified by
additioral studies utilizing horseradish peroxidase.

The normal composition of extracellular fluid of the inrner 1layers of
the retina must be maintained by transport across retinal capillaries
or by modification of the chemical composition of the adjacent
vitreous (36). The distribution of solutes within and their removal
from the retina is aided by bulk fluid movements within extracellular
fluid channels and by facilitated or active transport of solutes
across the membranes of supporting elements, such as the Muller cells
(36). In producing increased amounts of fluid in the extracellular
spaces and shrinkage of Muller cells, the following events may ensue:
(a) ischemia may irhibit active transport and increase the
accumulation of solutes in the extracellular fluid by breakdown in the
blood-retinal barrier (36); (b) the extracellular fluid becomes
hypertonic around the Muller cells; (c¢) shrinkage of the Muller cells
results from efflux of their fluid into the extracellular space; and
(d) the osmolarity and increased extracellular fluid volume produces
swelling and vacuolization, The extensive swelling and vacuolization
in the inrner retinal cells of the SFHS-treated animals, presumably,
are also due to similar events (36).

The Muller cells in the retinas of SFHS-treated rats showed 1less
ultrastructural alteration within lesions than the other inner retinal
cells (18,33,37). Probably the extensive arborizations of the Muller
fibers and their ability to receive oxygen and nutrients from both the
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choriocapillaris and the retinal vessels render the cells more
resistant at focal sites of ischemia. In addition, further resistance
to ischemia is provided by their ability to synthesize and store
glycogen which is mobilized under hypoxic conditions (21, 38-40).

Previous studies 1indicate that retinal glycogen exists in a dynamic
state between glycogen synthesis and glucose wutilization, thereby
- serving as an energy reserve (21,41) to meet metabolic demands. In a
compensatory response to metabolic needs, retinal glycogen content can
increase, but if metabolic limits are exceeded, cellular deficiencies
manifest themselves first as a reduction in glycogen content, then
impaired function (42), and finally in tissue damage. A reduction in
glycogen content was demonstrated in the retinas of SFHS-treated rats
sacrificed at 12 hr. In this group, zones of complete glycogen
depletion may have represented focal areas of increased metabolic
demands secondary to the diuretically induced hypovolemia, ischemia,
and hypoxia. The periphery of these 2zones, where an increase in
glycogen was observed, suggests a response to injury similar to what
others have observed (33,38,40,43)., The generalized glycogen
depletion observed in the retinas of the SFHS-treated group killed at
24 hr may reflect a more advanced state of the same catabolic process.
However, the reduced glycogen content of the retinas from the
albumin-treated rats killed at 5 hr as compared to the normal 1levels
of the SFHS-treated animals at the same period of time suggests that
the latter were able to maintain a more normal retinal metabolism
prior to the disappearance of hemoglobin from circulation.

The morphological alterations seen in the retinas of SFHS-exchanged
rats correlate well with those reported in the 1liver following
exchange transfusion with SFHS (23). In both cases, SFHS appeared to
protect both the liver and the retina from early hypoxic alterations
observed after exchange transfusing with albumin or lactated Ringer's
solution, presumably by its ability to transport and off-load oxygen
to tissues, However, at later periods of time after transfusion, as a
result of rapid disappearance of hemoglobin from the vascular space
and subsequent hypovolemia, focal areas of both liver (23) and retinal
degeneration were noted. Both the retinal and hepatic alterations
appear to be reversible, and the hepatic alterations can be prevented
by bolus infusions of additional SFHS (44), It remains to be seen if
the same is true for the retinal lesions observed in this study.

CONCLUSIONS

The retinal alterations observed 1in the current investigation are
probably a result of diminishing concentrations of <circulating
hemoglobin and a reduced intravascular volume. The implication of
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these findings is that if the current formulation of 3FHS is to be
used clinically, it will have to be administered continuously until
blood is available for transfusion, and the patient's intravascular
volume should be monitored carefully to prevent hypovolemia.

RECOMMENDATIONS

It is recommended that multiple transfusions with SFHS be evaluated in
rat retinas to confirm, as in the rat liver, the prevention of the
hypovolemic effects. Similar studies should be conducted using
monkeys or pigs as their retinal structure is similar to that of
humans. In addition, it would also be useful to evaluate the effects
of hypovolemia and ischemia using horseradish peroxidase tracer as an
indicator of points of breakdown in the blood-retinal barriers and as
an indicator of the exteunt of recuvery from hypovolemic effects.

12
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FIGURES

Detailed legends for each figure appears with the figure. The following information is provided for

interpretation of ...

Figures 1 through 4, 6 through 10, and 13. Full-thickness light micrographs of rat retina."t
The layers are identified as follows:

1

2
3
4
5
6
7
8

nerve fiber layer

ganglion cell layer

inner plexiform layer
inner nuclear layer

outer plexiform layer
outer nuclear layer
photoreceptor cells

retinal pigment epithelium

All bars on the light micrographs = 10 um

Figure 5.

Figure 11.

Light micrograph of optic nerve taken from same specimen as Figure 4.

Gross photograph of eyc-cup preparation from rat 24 hr after 75% blood

volume replacement with stoma-free hemoglobin solution (SFHS).

Figure 12. Higher magnification of hemorrhagic area in the rat retina 24 hr after

75% blood volume exchange transfusion with SFHS.

Figures 14 through 27,

Electron micrographs of rat retina.*t Some of the electron

micrographs are correlated with the light micrographs (Figures 1, 2, 5, and 13).

Figure

) 1 R Page 26
) & TP 27
) £ SO U ON 28
19a...cuccooiinivaiiiirenenias 29
I19b...uuccoocrincnaciirrieanns 30
19C..cccioviiiirnniirinnrannranens 30
20...c.coimveirirrecirrseeenes 31
21 .erieeceeeniiererinenraereerereens 32
22, 32
23.eiiiireiiicinsr e 33
28ttt 33
25 e 35
26....ceieririieiineienieenianenene 35
27iceiriinrnneees e 35

*Tissue prepuéd sccording to Friedman et al (23) with modifications applicable to the retina.
+Stained according to techniques described by Humphrey and Pittman (24).

$Timue doubly stained with 2% uranyl acetate (25) and lead citrate (26).
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Figure 1.  Control rat retina. All layers appear normal.
Arrow indicates nerve bundle. Vein (v).

Figure 2. Rat retina 12 hr after 75% blood volume re-
placement with SFHS. Large vacuoles (arrow) surround
avein (v). The inner and outer plexiform layers (3 and 5,
respectively) have a few small vacuoles. The photoreceptor
(7) outer scgments (0s) are normal but have been artifac-
tually detached from the pigment epithelium in this section.
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Figure 3. Rat retina 12 hr after 75% blood volume re-
placement with SFHS. An artery (A) is adjacent to a

vein (v). Many vacuoles surround the artery. The inner
and outer plexiform layers and the retinal pigment epi-
thelium (3, 5, and 8, respectively) also contain many small
vacuoles. The photoreceptor (7) outer segments appear
normal.

Figure 4. Rat retina 12 hr after 75% blood volume re-
placement with SFHS. Meridional section thrcugh the pre-
laminar portion of the optic disc (0D). Nerve fiber bundles
(1) coming from the retina show large vacuoles (arrows),
some of which are adjacent to a branch from the central
retinal vein (v). The adjacent inner and outer plexiform
layers and retinal pigment epithelium (3, 5, and 8. respec-
tively) are vacuolated. Photoreceptors (7) are normal.
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Figure 5. Light micrograph of opcic nerve taken from the
same specimen as Iigure 4 (tangential section). Many large
vacuoles are present in the optic nerve tract (arrow).

Figure 6.  Rat retina 24 hr after 75% blood volume re-
placement with SFHS. Many vacuoles surround an artery (A).
The swelling and vacuolization in the inner and outer plexi-
form layers (3 and 5, respectively) are similar to the findings
in Figure 4. Onc exception, however, includes the vacuoli-
zation, disruption and dark staining of the photoreceptor (7)
outer scgments and the retinal pigment cpithelium (8).
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Light micrograph taken in the
f the photoreceptors

Figure 7° (left).
retinal periphery. Most ©
(7) and RPE cells (8) are normal while many

small vacuoles are present in the inner retinal
layers (1 through §). One RPE cell {arrow)
srained dark. The photoreceptor outer segments
are slanted; this is indicative of a morc peri-

pheral retinal location.

7
3

Figure 8* (right). Light mi
central in retinal location t
(layers 1 through 5
photoreceptof “
dark at their distal ups

) is normal, Note the

n the photoreceptor
RPE (compare with

-
T LSS 3
-

-

crograph more
han Figure 7. The
y is vacuolated

inner retina
onter

and some of the

segments stained
(arrow). The RPE (8
slight separation betwee
outer segments and the
Figure 7).

t retina 24 hr after 75% blood

+game section ra
nt with SFIS (Figures 7

volume replaceme
through 10).
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Figure 10* (right).  Light micrograph from
the central retina. Both distal tips of the
photoreceptor (7) outer segments and the RPE
(8) stained dark. The dark stained areas
represent degenerative changes, An inner
retinal vessel (v), probably an artery, is
collapsed. Many small vacuoles are present
under this vessel in the inner plexiform layer
(3). A more focal and more severe expression
of these degencerative changes may be
represented in Figure 6.

*Same section rat retina 24 hr after 75% blood
volume replacement with SFHS (Figures 7
through 10).

Figure 9% (left).  Light micrograph more central
in retinal location than Figure 8. The photo-
receptor (7) outer sczments stained dark at their
distal rips and some are vacuolated (large arrow).
Dark inclusion bodies (vnall arrow) are present
in the RPE cclls (8).




Figure 11 (left). Gross photograph of eye-cup preparation from rat 24 hr after 75% blood volume re-
placement with SFHS. Posterior pole shows many small hemorrhages (arrow).

Figure 12 (right). Higher magnification (than Figure 11) of hemorrhagic area. Hemorrhage shows radiating
spokes (arrow) which are characteristic of subretinal hemorrhages. Central spot of hemorrhage is darker
and out of focus, which suggests a locus higher in the inner retina.

Figure 13 (left). Rat retina 24 hr after 75% blood volume re-
placement with SFHS. Cross-section through a focal hemorrhage.
Red blood cells are present within most of the outer retinal
layers and a large accumulation (H) occurred in the subretinal
space. The source of hemorrhage is most likely an inner retinal
vessel. There is a break in the outer limiting membrane (large
arrow). The hemorrhage is relatively new because no hemo-
siderin deposits are apparent. large vacuoles (small arrow)
occurred in the nerve fiber layer (1). The inner plexiform
layer (3) was moderately vacuolated. The inner nuclear layer (4),
outer plexiform layer (5), outer nuclear layer (6), and photo-
receptors (7) were highly disorganized and vacuolated.
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Figure 14, Electron micrograph of an area of retina from the control animal (Figure 1). Vein (V).
axon (A), and mitochondria (m),
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Figure 15. Electron micrograph of rat retina 12 hr after 75% blood volume replacement with SFIUS.
High magnification of specimen taken from same area as Figure 2. One Mulier cell (M,) stained dark
and many of the mitochondria (m) are swollen and vacuolated. An adjacent Muller cell (Mp) is more
normal in structure. A cross-section of an axon bundle (A), indicated by large arrows, contains some
axons which are extremely swollen.  Inset, a longitudinal section through part of an axon bundle with
focal swelling in an axon (large arrow). Both swollen and normal appearing axons contain dense myelin
forms (small arrows).

——d




b AvSR VRl hens Sout medh i Seute. sndh anelh mst SEiRc

Figure 16, Flectron micrograph of the rat retina (Figure 2) 12 hr after 75% blood voluzne replacement
with SFIS. Large vacuoles (V) surround a retinal vein (Vo). The large vacuoles between an axon bundle
( AB) and Muller cells (Mq and Mp) represent areas of missing cellular constituents and a dilation of the
extracellular space. Some axons (A) appear normal while others show swollen mitochondria (m).
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Figure 17. Electron micrograph of rat retina (Figure 2) 12 hr after 75% blood volume replacement with
SFHS. A ganglion cell (G) with nucleus (n) shows a less dense cytoplasm, swollen mitochondria (m) and
a markedly dilated endoplasmic reticulum (arrow). A large vacuole (V) is present adjacent to a nerve
fiber bundlc (B), a Mulier cell (M) and a ganglion cell (G). Normal axoens are present in the nerve fiber
bundle.
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Iigure 18. FElcectron micrograph of rat retina 12 hr after 75% blood volume replacement with SFHS.
The inner plexiform layer (IPL) contained many swollen celular processes some of which n oy be
axons (A). Many of the mitochondria tm) are also swollen Cytoptasene processes ot the Meller cells
are indicated by the arrows. Gangiion celt nucleus (N).




Figure 19. Transmission electron microgrzph of rat optic nerve 12 hr after 75% blood volume replace-
ment with SFHS. All photogiaphs arc taken from the same spccimen as Figure 5.

Figure 19a (above) . A myelinated axon (A) is filled with cellular debris and organelics. Small vacuoles
(V) are present in this debris. The accumulation of cellular debris may reflect the interruption of axo-
plasmic transport processes. A core of neurofilaments (N) is present in the center. The myclin sheath

of this axon shows focal points of degeneration (arrows). A more normal axonal segment is present at B.
Dilation of extraaxonal areas (E) occurred between some axons.
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Figure 196 (Icft). A mychnated axon (A) shows
a more normal internal structure, however, degen-
crative m;elin forms (M) are present in the cyto-
plasm aad the myehn sheath shows focal points of
breakdc wii (wrro s

Figure 19¢ (right).  Large vacuoles in the optic
nerve show no myelin sheath border and may be
extraaxonal (E) while others show a complete
myclin sheath border and are clearly intraaxonal (A).
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Figure 20. Electron micrograph of rar retina 24 hr after 75% blood volume replacement with SIS,
Section taken from the same specimen as Figure 13. The subretinal hemorrhage is indicated by the
red blood cells (fbe) present between the photoreceptor outer segments (08) and the retinal pigment
epithelium (R). Some of the outer segments are pyknotic (large arrow) and the majority show a zone
of alteration (indicated by vertical bars) at their distal tips. The inner segments (IS) appear normal,
Densc filament-like bodies (small arrows) are also present in the subretinal space.




Figure 22 (right). Electron micrograph

of rat retina 24 hr after 75% blood volume g

replacement with SFHS. Section taken
from same specimea as Figures 13, 20, and
21. The retinal pigment epithelium (R)
shows swollen basal infoldings (large arrow

are also swollen and surrounded by dense
floceulent material. Dense filament-like
bodics () are present in the subretinal
space. Red blood cell (rbe).

Pgure 21 %ett) Blectron micrograph of
rat retina 24 hir after 75% blood volume
replacement with SFHS. Section taken
from the same specimen as Figures 13 and
20. The retinai pigment epithelium (R)
contains dense inclusion bodies, some of
which are present outside the rednal pig-
ment epithelium (small arrow) The lense
filament-like bodies (F) are present at the
apex of the microvilli (mv) and mav be
the result of recrystallized SFHS. The
outer segments (0S) are both vacuolated
and pyknotic (large arrow). Red blood
cell (rbe).




tagure 23 (left). Electron micrograph

of rat retina 24 hr after 75% blood volume
replacement with SFHS. High magnifica-
tion of retinal pigment epithelium apes

of Figure 22. Arrow indicatcs cell-tight
junction. The extracellular space (8) be-
tween retinal pigment epithebial cells is
swollen and may represent a breakdown
of the biood-retinal barrier. Mitochondria
(m).

g ol o SR N

Figure 24 (right). Electron micrograph

of rat retina 24 hr after 75% blood volume
replacement with SFHS. Lumen (L) of
inner retinal vein contains debris. Fndo-
thelial cell integrity is disruptca darge
arrows) indicating the breakdown of the
blood-retinal barrier in the inner retina.
Vacuoles (V) are present in the adiacent
nerve-fiber laver.
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Figure 25 (opposite page).  High magnification electron micrograph of retina from a control animal.
A diffuse scattering of small glycogen particles (arrows) are present in the Muller cell cytoplasm.

Mitochondria (m). B .

Figure 26 (opposite page).  High magnification electron micrograph of rat retina 12 hr after 75% blood
volume replacement with SFHS in the region of vacuolization (Figure 2). The extracellular space ( ECS).
is highly dilated between Miiller cells My and Mp. Arrow indicates cell borders. Mitochondrial cristae

arc severcly disarranged and Miiller cell cytoplasm is devoidof glycogen particles. e

Figure 27 (opposite page).  High magnification electron micrograph of rat retina 12 hr after 75% blood
volume replacement with SFHS . It depicts the periphery of the zone of vacuolization (Figures 2 and
26). Large pockets of glycogen accumulation (arrows) are present in the Miiller cells. At light microscopy,
some of these regions showed a positive PAS stain for labile glycogen. Mitochondria (m) are swollen and
contain disorganized crists e. el
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